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We investigate the structure of the �0001� basal twin boundary in Bi2Te3. Electron diffraction
measurements show that this interface corresponds to a 180° rotation of the crystal about the �0001�
axis, an alignment that reverses the stacking of the basal planes. The basal planes in the perfect
Bi2Te3 structure are arranged in a repeating sequence of five-layer wide Te�1�–Bi–Te�2�–Bi–Te�1�

packets. Thus, it is possible for the twin interface to be located at one of three distinct locations: at
the Te�2� layer, the Bi layer, or the Te�1� layer. Using aberration-corrected high-angle annular dark
field scanning transmission electron microscopy, we show that the twin boundary is terminated at
the Te�1� layer, where the stacking forms a double-layer of Te. Our observations are consistent with
ab initio calculations, which predict this twin termination to have the lowest interfacial energy
of the three configurations we considered. Our calculations and observations also find a small
expansion in the interplanar spacing at the interface. © 2010 American Institute of Physics.
�doi:10.1063/1.3457902�

I. INTRODUCTION

Thermoelectric devices based on bismuth telluride
�Bi2Te3� are widely used for both cooling and power genera-
tion. Applications include Peltier coolers for refrigeration
and thermal management of electronic and optical compo-
nents, and thermopiles for direct thermal to electrical conver-
sion from waste-heat, ambient thermal sources, and
radioisotopes.1 In practice, Bi2Te3-based devices typically
employ polycrystalline materials that are solid solution al-
loys of Bi2Te3 with the isomorphous compounds Sb2Te3 and
Bi2Se3.2

The energy conversion efficiency of a thermoelectric
material is typically characterized in terms of its thermoelec-
tric figure-of-merit, zT=�2�T /�, where � is the Seebeck co-
efficient, � is the electrical conductivity, � is the thermal
conductivity, and T is temperature. Grain boundaries in ther-
moelectric materials are important because they can affect zT
through the scattering of electronic carriers and phonons.
Significant improvements in the performance of bulk
Bi2Te3-based materials have been achieved by reducing the
grain size to nanoscale dimensions, giving zT’s between 1.4–
1.6 �Refs. 3 and 4� �versus zT�1 in conventional materials�.
This improved performance results largely from reductions
in � due to increased phonon scattering at the high density of
embedded interfaces. In principle, such nanostructured mate-
rials could be further improved if the grain boundaries could
be specifically engineered to optimize electronic properties
in addition to blocking phonons.5 However, at present, our
limited knowledge of even basic details of the structure and
composition of grain boundaries in Bi2Te3 makes achieving
this goal difficult.

Because of their high symmetry, twin boundaries are
perhaps the simplest possible grain boundary, making them a
useful starting point for the analysis of more general inter-
faces in Bi2Te3 and its alloys. Moreover, twin boundaries are
of particular interest because their near bulk-like atomic-
coordination can yield favorable electronic transport proper-
ties. For example, �111� twins in silicon exhibit lower poten-
tial barriers6 and are less electrically active7,8 than more
general, random boundaries. Similarly, Cook et al.9 have
shown that the presence of high twin densities in the thermo-
electric compound �AgSbTe2�15�GeTe�85 �TAGS-85� does
not degrade the electrical conductivity in this material. This
behavior of twin boundaries may be advantageous for ther-
moelectric materials where one desires interfaces that can
scatter phonons while not degrading the electronic
properties.10

In this paper, we investigate the structure of the �0001�
basal twin boundary in Bi2Te3. In general, twins can form
during initial growth, deformation, or subsequent
annealing.11,12 Bi2Te3-based thermoelectric materials often
undergo extensive deformation during processing to refine
the grain size and to control the crystallographic texture for
optimal thermal and electronic transport,10,13–17 potentially
leading to twin formation. For instance, �0001� twins in
Bi2Te3 /Sb2Te3 bulk nanocomposites were observed by Cao
et al.18 who attributed their formation to shear deformation
during the hot-pressing stage of sample consolidation.
Lamellar features with a blocky termination suggestive of
growth or annealing twins are also apparent in the micro-
graphs of hot-pressed nanocrystalline �Bi,Sb�2Te3 presented
by Poudel et al.3

Bi2Te3 has a rhombohedral crystal structure19 �R3̄m� that
is commonly indexed in terms of an hexagonal cell with
lattice parameters a=0.438 nm and c=3.050 nm.20,21 This
structure consists of alternating layers of Te and Bi that are
arranged along the c-axis in five-layer packets or “quintets”
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�. . . :Te�1�–Bi–Te�2�–Bi–Te�1� : :Te�1�–Bi–Te�2�–Bi–Te�1� : . . .�.
As we discuss in more detail below, the �0001� basal twin
results from a reversal in the stacking sequence of these lay-
ers. The question that we address in this paper is at what
compositional layer does this reversal occur? To answer this
question we investigate the atomic-scale interfacial structure
of the twin using transmission electron microscopy �TEM�
and compare these observations with the predictions of ab
initio calculations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Our observations were conducted on polycrystalline
Bi2Te3. This material was prepared from pure Bi2Te3 powder
��99.99%� �Cerac� and consolidated by spark plasma
plasma sintering �SPS�. Before consolidation, the powder
was reduced to 200 nm from its initial nominal size of
10 �m by mechanical milling. The milling was done in a
planetary ball mill for 4 h under a nitrogen atmosphere using
stainless steel vessels and tempered steel balls. The SPS con-
solidation was conducted under an axial compressive pres-
sure of 50 MPa at 673 K in an SPSS-825 apparatus �SPS
Syntex Inc., Kanagawa, Japan�. We employed a cylindrical
graphite die with an inner diameter of 14 mm, using two
graphite plungers of the same size to seal the die on both
ends and to transfer the load during consolidation. The tem-
perature ramping rate was 50 K/min and the holding time
was 3 min.

Specimens for TEM were prepared by mechanical dim-
pling followed by Ar+ ion milling �Fischione, Model 1010�.
In our previous work on PbTe,22 we have found that speci-
men damage can arise if the ion-milling conditions are not
carefully controlled. Similar damage can arise in
Bi2Te3-based materials, with the signature appearance of
dense striations, visible in bright field TEM, with spacings
on the order of 10 nm. These features are not associated with
any crystallographic reorientation and are distinct from
twins. To avoid such artifacts in the present study, we used a
liquid N2-cooled stage and low-angle, low-energy conditions
for the ion-milling. Specifically, the stage temperature was
kept to less than 173 K and the accelerating voltage, current,
and angle of incidence ��� of the ions were adjusted as fol-
lows: �i� initial milling to perforation: �=10°, 4.5 kV, and 5.0
mA; �ii� enlargement of perforation: �=8°, 3.0 kV, and 5.0
mA; and �iii� final polishing: �=6°, 1.0 kV, and 3.0 mA.

Conventional TEM observations were conducted using a
JEOL 2010F instrument operated at an acceleration voltage
of 200 kV. To investigate the interfacial atomic structure, we
employed high-angle annular dark field �HAADF� scanning
TEM �STEM�, using the aberration corrected TEAM 0.5 mi-
croscope at the National Center for Electron Microscopy
�LBNL, Berkeley CA, USA�. This instrument is an improved
FEI Titan microscope possessing an advanced STEM correc-
tor capable of forming electron probes as small as 0.05 nm at
300 kV acceleration voltage.23 Great care was taken to char-
acterize all instrumental parameters, including the detector
size �65–350 mrad semiangles�, electron wave aberrations up
to fifth order, as well as the chromatic aberration coefficient

�Cc=1.0 mm� and energy spread ��E=0.9 eV�, so that
these parameters could be used in further analyses.

The ab initio calculations for this study were performed
using the density functional theory �DFT� formalism with the
local-density approximation �LDA� for the exchange corre-
lation potential.24 We employed a plane-wave basis set in-
cluding plane waves up to a cutoff energy of 100 Ry. The
electron-ion interaction was modeled using the first-
principles norm-conserving pseudopotentials of
Troullier–Martins.25 The 4f and 5d states of Bi and the 4d
states of Te were frozen into the core. Partial core
corrections,26 as well as scalar relativistic corrections, were
also introduced. We did not include spin-orbit interaction ef-
fects, as we do not expect them to be important for the ionic
optimization. Each twin structure was accommodated in a 30
atom hexagonal supercell. To allow periodic boundary con-
ditions along the c-axis, each supercell was constructed with
two structurally identical, but oppositely oriented, twin
boundaries. The Brillouin zone was sampled using a 7�7
�1 Monkhorst–Pack grid.27

III. RESULTS

Figure 1 shows a TEM micrograph of the typical poly-
crystalline microstructure of the Bi2Te3 material. Twin
boundaries can be seen as linear features traversing the
grains. Analysis of selected area electron diffraction patterns
from such twins �Figs. 1�b� and 1�c�� establishes that the
twin orientation relationship is �0001�M / / �0001�T and

FIG. 1. �a� Bright field TEM image showing grain structure in the Bi2Te3

material. Twins �marked with T� are visible traversing the grains. �b�
�21̄1̄0�M / / �2̄110�T selected area electron diffraction pattern, and its indexing
�c�, for matrix and twin. Matrix reflections are indicated in white; twin
reflections in black. Pattern is taken from the upper grain in �a�.

043517-2 Medlin et al. J. Appl. Phys. 108, 043517 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



�21̄1̄0�M / / �2̄110�T, where M and T refer to the matrix and
twin, respectively. The habit planes of the twins lie parallel
with �0001�. This orientation aligns close-packed planes and
directions in the two crystals and represents a rotation of the
two crystals with respect to each other by 180° about the
c-axis—a configuration that is equivalent to reversing the
stacking of the basal planes.

Several microscopic possibilities exist for this stacking
arrangement. Designating the Bi and Te layers by Greek and
Roman letters, respectively, the basal plane stacking of
Bi2Te3 can be compactly represented as28

. . .A	C�B C�B
A B
A	C . . . . �1�

In this notation, a unit such as A	C�B represents a five-
layer, Te�1�–Bi–Te�2�–Bi–Te�1� quintet; each unit cell con-
sists of three such quintets. Assuming that the twin boundary
arises simply as a reversal of the basal plane stacking, with
no further interfacial reconstruction, the twin may be termi-
nated in one of three ways: �1� at the Te�2� layer in the middle
of the five-layer quintet, �2� at a Bi layer, or �3� at the Te�1�

layer �the Te double-layer�. The stacking sequences for these
three configurations are �see Fig. 2�

Twin 1: . . . A	C�B C�B�C B�C	A .. . ,

Twin 2: . . . A	 C�B C�B
� B A
B�C . . . ,

Twin 3: . . . A	C�B C�B
A C	A
B . . . , �2�

where the underscore indicates the twin plane. Note that only
the first possibility, Twin 1, has mirror symmetry at the
boundary plane.

We performed ab initio calculations to investigate the
interfacial relaxations and energies of these three structures
�Fig. 2�. We computed the interfacial energies by taking the
difference between the energy of each relaxed structure and
that of a reference perfect crystal with the same number of
atoms and stoichiometry, normalizing this energy to the unit

cell area in the a-b plane, and dividing by 2 to account for
the presence of two interfaces within each supercell. These
results are summarized in Table I. The calculations predict
that the twin terminated at the Bi layer �Twin 2� has the
highest energy, whereas the twin terminated at the Te�1� layer
�Twin 3� has the lowest energy. The calculations also predict
relaxations of the interplanar spacings normal to the inter-
face. For instance, at the interface of Twin 3, the Te�1�–Te�1�

interplanar spacing is increased by 0.0120 nm relative to the
equivalent spacing in the single crystal. As we discuss below,
the relative interfacial energies can be rationalized in terms
of the bonding and geometrical distortions for the three
structures.

We compared these calculations with experimental ob-
servations of the interfacial atomic structure obtained by
HAADF-STEM imaging. In such images, the intensity of
each atomic column can be directly related to the nth power
�n=1.5–2� of its average atomic number Z and hence be
used as a guide for chemical identification.29 Because bis-
muth has a much larger atomic number than tellurium
�Bi:Z=83 and Te:Z=52�, the HAADF intensity of the bis-
muth columns is higher than that of the tellurium columns
allowing these elements to be readily distinguished. To make
these observations, we aligned each grain of interest along a

	21̄1̄0
 type zone axis. As illustrated in Fig. 2, in this projec-
tion each atomic column consists of only a single type of
atom, allowing the stacking sequence of the basal planes to
be straightforwardly resolved.

Figure 3 shows a representative HAADF-STEM image
of a �0001� Bi2Te3 twin boundary. In this image, the five-
layer quintet structure of the bulk crystal is clearly observed.
Based on the relative atomic numbers of the two species and
their expected positions in the perfect crystal, we interpret
the two rows of bright intensity peaks within each packet as
the Bi columns and the three fainter rows of intensity as the
Te columns. The twin boundary itself, which is located near
the center of the image, can be identified by the reversal of
stacking of the �0001� planes. The positions of the double
layers of Te�1� atoms, can also be distinguished by the larger
separation of these planes, which gives rise to a darker band
of contrast between every five-layer packet. From examina-
tion of the image it is clear that the reversal of stacking
occurs between the two fainter intensity peaks, which we
interpret as the Te�1� double-layer. The atom positions from
the relaxed structure of Twin 3 are overlaid on the image in
Fig. 3.

To confirm this interpretation, we simulated HAADF-
STEM images for the three candidate structures obtained
from the ab initio calculations �Fig. 4�. We employed the

FIG. 2. �Color online� Relaxed structures for the three twin terminations
obtained from the ab initio calculations. Structures are projected along a

�21̄1̄0� direction. Bi atoms are indicated by small magenta circles; Te atoms
are indicated by large blue circles. The stacking arrangements, as discussed
in the text, are indicated by Greek �Bi� and Roman �Te� characters. �a� Twin
1: terminated at a Te�2� layer. �b� Twin 2: terminated at a Bi layer. �c� Twin
3: terminated at Te�1� layer. Only Twin 1 is mirror symmetric about the
interface plane.

TABLE I. Calculated interfacial energies for the three Bi2Te3 �0001� twin
structures.

Twin ID Interface location
Interface energy

�mJ /m2�

1 Te�2� 60.1
2 Bi 303
3 Te�1� �Te double-layer� 40.7
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QSTEM software suite30 using experimental parameters mea-
sured for the instrument and specimen. Based on thickness
estimates that we derived by analyzing low loss electron en-
ergy loss spectra using the log-ratio method,31 we used a
specimen thickness of 39 nm for these calculations. The
simulated images can then be quantitatively compared to the
experiment using the same color intensity scale representing

the recorded fraction of the incoming electron intensity. The
intensity scale of the experimental image was calibrated
from a reference experimental black level obtained in a hole
in the sample and a reference intensity gain value was ob-
tained by comparing the averaged experimental and simu-
lated intensities for Bi2Te3.

The resulting simulated images are shown in Figs.
4�a�–4�c� in comparison with an experimental image in Fig.
4�d�. The simulations show that the Te and Bi columns
would be experimentally resolved for all three proposed
structures and that the three possible boundary terminations
are clearly distinguished. The good agreement between the
experimental contrast and the simulation for the double Te�1�

structure shown in Fig. 4�c� confirms our interpretation of
the micrographs.

We also measured the changes in interplanar spacing at
the interface to compare with the predicted interfacial expan-
sion for the structure of Twin 3. To make these measure-
ments we determined the peak positions in intensity profiles
extracted from the images. Each profile was constructed nor-
mal to the interface and integrated over 0.8 nm wide blocks.
An example of one such profile is shown in Fig. 5. We de-
termined the peak positions in these profiles by fitting a sum
of Gaussians, of the form

I�x� = A0 + �
i=1

5

Aie
�−�x − x0,i�

2/2�i
2�, �3�

to the five-layer quintet intensities. Here, Ai and �i are fitting
constants, x is the position along the profile, and x0,i is the
position of the ith intensity peak.

From these measured peak positions, we determined the
interplanar spacing between the Te�1� layers across the inter-
face ��Te,interface� and between the Bi layers across the inter-
face ��Bi,interface� and compared these distances with equiva-
lent measurements made in the bulk crystal �specifically
across the third Te�1�–Te�1� layer away from either side of
the twin�. The accuracy of the Bi measurements is better than
that of the Te, since the Te intensities are lower and, there-
fore, show up as shoulders on the edge of the better defined
Bi peaks. These results, compared with the equivalent dis-
tances computed from the relaxed structure for Twin 3, are
shown in Table II. The measurements, from four different
images, consistently show an expansion normal to the inter-
face of 0.012�0.004 nm �0.009–0.015 nm across all four
images; see Table II�. This result is comparable with the ab
initio calculations, which predict �Te,bulk−�Te,interface

=0.0120 nm and �Bi, bulk−�Bi, interface=0.0116 nm.32

FIG. 3. �Color online� HAADF-STEM image of the �0001� basal twin.

Image is projected along �21̄1̄0� direction. High intensity peaks correspond
to Bi atomic columns; low intensity peaks correspond to Te atomic columns.
The image is overlaid with the calculated atom positions of Twin 3. �Large
blue circles: Te. Small magenta circles: Bi�

FIG. 4. �Color online� Simulated HAADF-STEM images for the three cal-
culated twin terminations compared with experiment. �a� Twin 1: terminated
at a Te�2� layer. �b� Twin 2: terminated at a Bi layer. �c� Twin 3: terminated
at a Te�1� layer. �d� Experimental image. The simulations and experiment are
presented on the same intensity scale. The contrast levels represent the re-
corded fraction of incident electron intensity. The experimental intensity was
scaled as follows: a reference black level �or intensity level 0� was obtained
from an experimental image of a hole in the sample, recorded with the same
detector settings; the experimental gain value was calibrated by comparing
the average intensity of the entire image from which �d� is cropped to the
average simulated intensity of a large Bi2Te3 supercell.

FIG. 5. Example of an intensity line profile collected from the HAADF-
STEM images.
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IV. DISCUSSION

It is instructive to consider the qualitative factors con-
trolling the interfacial energy for the three possible twin ter-
minations in relationship to the perfect Bi2Te3 structure.
Here, we consider why the structure with the Te�1�–Te�1�

termination has the lowest energy and what accounts for the
relative energies of the other two structures.

In the case of the perfect Bi2Te3 structure, the partial
electronic density of states near the band gap is dominated
by the contribution from p-orbitals.33–35 Thus, a simple
chemical bonding model for the five-layer unit can be con-
structed by neglecting the interunit interaction and consider-
ing only the pp� intraunit interaction between neighboring
atoms.33,34 With each of the three p-orbitals on an atom
pointing toward one atom on the layer above and one atom
on the layer below, one obtains three independent �and nearly
perpendicular� chains, each chain consisting of five
p-orbitals interacting via the pp� interaction. Within this
simple model, a twin termination at the Te�1� double-layer
would have zero interfacial energy, making it the lowest en-
ergy structure of the three we considered. The other two
possible twin structures would have higher energies than the
perfect Bi2Te3 structure because reversing the stacking at the
Te�2� or Bi layer does not allow a pure pp� interaction be-
tween an atom in the interface layer and a neighbor atom
from an adjacent layer �simply because the five-atom chains
cannot follow a straight line across the interface�.

The contribution to the interfacial energy in the ab initio
calculations comes mainly from structural relaxations near
the interface. One expects that the most affected interlayer
interaction is the one between the interface layer and the

adjacent �below and above� layers. Based on the interatomic
distance between neighboring atoms in the five-layer unit of
the perfect Bi2Te3 structure, the bond between Te�1� and Bi
�our theoretical interatomic distance in the perfect Bi2Te3

structure is dTe�1�–Bi=0.304 nm� is stronger than the one be-
tween Te�2� and Bi �dTe�2�–Bi=0.320 nm�. One then expects
that placing the twin interface at the Te�2� layer �Twin 1� will
result in a lower energy than placing it at the Bi layer �Twin
2�, because it is in the latter case that the stronger Te�1�–Bi
bond is most altered. Indeed, we find through our ab initio
structural calculations that the Te�2�–Bi bond at the interface
of Twin 1 is 0.0028 nm longer than in the perfect Bi2Te3

structure. In contrast, for the case of a twin interface at the Bi
layer �Twin 2�, the Te�2�–Bi and Te�1�–Bi bonds at the inter-
face are longer than in the perfect Bi2Te3 structure by 0.0093
nm and 0.0035 nm, respectively, indicating a stronger distor-
tion of the interlayer interaction across the interface than for
the Te�2� interface �Twin 1�.

We note that the calculated energy of the twin terminated
at the Te�1� layer �Twin 3� is not much lower than that of the
twin terminated at the Te�2� layer �Twin 1�. This relatively
high energy is consistent with the elongation of the
Te�1�–Te�1� bond at the interface of Twin 3 �which we calcu-
late is 0.0088 nm longer than in the perfect Bi2Te3 structure�.
While commonly considered as a weak, van der Waals inter-
action, the Te�1�–Te�1� bond in Bi2Te3 has been found to be
stronger than typical van der Waals interactions.35 We be-
lieve this is at the origin of the relatively high interfacial
energy we calculate for Twin 3. However, it is also possible
that use of the LDA in the DFT implementation may over-
estimate the strength of the Te�1�–Te�1� bond more than it

TABLE II. Experimentally measured expansions normal to the interface ��Te,bulk−�Te,interface and �Bi,bulk

−�Bi,interface�. �Te,interface and �Bi,interface are, respectively, the Te�1�–Te�1� and Bi–Bi interplanar spacings mea-
sured across the Te double-layer at the interface. These distances are compared with the equivalent distances in
the bulk of the crystal, �Te,bulk and �Bi,bulk �measured across the third double Te layer from either side the
interface�. The uncertainties in these measurements are quoted as the error of the mean, � /�N, where � is the
standard deviation of the measurements and N is the number of measurements. These uncertainties are added in
quadrature to give the uncertainty in the measured expansion.

Te�1�–Te�1� interplanar spacings

Image
�Te,bulk

�nm� N
�Te,interface

�nm� N
�Te,bulk−�Te,interface

�nm�

1 0.2710�0.0026 30 0.2846�0.0055 15 0.014�0.006
2 0.2666�0.0051 34 0.2818�0.0100 17 0.015�0.011
3 0.2640�0.0021 20 0.2732�0.0030 10 0.009�0.004
4 0.2778�0.0045 36 0.2881�0.0055 18 0.010�0.007
Pooled 0.2707�0.0022 120 0.2830�0.0036 60 0.012�0.004
Twin 3 DFT-LDA 0.2530 �single crystal calculation� 0.2650 0.0120

Bi–Bi interplanar spacings

Image
�Bi,bulk

�nm� N
�Bi,interface

�nm� N
�Bi,bulk−�Bi,interface

�nm�

1 0.6054�0.0015 30 0.6203�0.0021 15 0.015�0.003
2 0.6046�0.0023 34 0.6149�0.0028 17 0.010�0.004
3 0.6104�0.0021 20 0.6204�0.0028 10 0.010�0.004
4 0.6125�0.0044 36 0.6274�0.0061 18 0.015�0.008
Pooled 0.6081�0.0016 120 0.6209�0.0022 60 0.013�0.003
Twin 3 DFT-LDA 0.5965 �single crystal calculation� 0.6081 0.0116
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does for the other, stronger bonds �pp�� because nonlocal
electron correlations, which are important for a correct de-
scription of the van der Waals interaction,36 are not ac-
counted for within the LDA.

V. CONCLUSIONS

In summary, we have determined the structure of the
�0001� basal twin in Bi2Te3. Our HAADF-STEM observa-
tions and ab initio calculations show that the reversal of
basal plane stacking occurs at the Te�1� layers. This termina-
tion is consistent with the bonding picture for Bi2Te3, where
the Te�1�–Te�1� layers are thought to be bonded through rela-
tively weak, van der Waals-type interactions. In contrast, the
other two possible twin terminations, namely, at the Bi or
Te�2� layers, would require a distortion of the linear chains of
pp� bonds within the middle of the Bi2Te3 five-layer pack-
ets.

The variation in bonding between the different layers of
Bi2Te3, and the corresponding dependence of the twin
boundary energy on the twin boundary plane, raises interest-
ing questions concerning the mechanisms by which the twins
form. In general, for a twin to propagate, each of the adjacent
atomic layers must shear or shuffle to reverse its local stack-
ing arrangement. For instance, in face centered cubic metals,
this process occurs through the motion of Shockley partial
dislocations. Although shear across the Te�1�–Te�1� layers
may occur with little energetic penalty, the barriers will
likely be higher for the continued shear of the Bi and Te�2�

layers, since the pp� bonds must be distorted for the twin to
propagate. Establishing the mechanisms by which this propa-
gation occurs may yield routes to better control and tailor the
formation of twins in Bi2Te3-based compounds.
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